Abstract A series of ZnO: Sm films with Sm content of 0-1.0 at.% were deposited by a chemical solution deposition. The deposited films were characterized by X-ray diffraction, field emission scanning electron microscopy, UVVis and luminescent spectrophotometry, and electrical resistance measurement. The experiments revealed that the Sm doping first increased and then decreased the optical transmittance, band gap, and n-type conductivity with increasing Sm content. The film with the Sm content of 0.75 at.% showed optimal optical and electrical properties. The maximal band gap widening was about 0.19 eV. The resistance decrease of *20 times was observed. The photoluminescence measurement indicated that the films showed a strong near band gap emission and a blue-green emission related to intrinsic defect. The refractive index, extinction coefficient, and dielectric constant of the films were calculated with the transmittance and reflectance spectra.
Introduction
Zinc oxide (ZnO) is a wide band gap II-VI semiconductor (3.2-3.37 eV). This material has very attractive properties, including high transparency in the visible wavelength, a high piezoelectric constant, a large electro-optic coefficient [1] and a large exciton binding energy (*60 meV) at room temperature. Many studies have recently focused on ZnO materials because of their potential application in solar cells, gas sensors, piezoelectric transducers and varistors [2] [3] [4] [5] . Early studies verified that some dopants, such as Al, In and Ga, can improve the electrical and optical properties of ZnO films [6] [7] [8] . Recently, widening in the band gap of ZnO produced by Ti-, Ca-, Si, Sc, and Mo-dopants has also been reported [9] [10] [11] [12] [13] [14] . Rare earth cations, such as Tb [15] and Er [16] , are more effective. In this work, we focus on the effects of Sm doping on the optical and electrical properties of the ZnO films.
Materials and methods
The starting materials used are all analytic reagents without any further treatment. 0.02 mol ZnNO 3 6H 2 O was first dissolved in solution of 40 ml ethanol and 40 ml glycol propylene in glass beaker. Subsequently, the Sm 2 O 3 for all five samples with Sm content of 0, 0.25, 0.5, 0.75, and 1.0 at.% were dissolved into 10 ml HCl in another glass beaker with constant stirring. The Sm cation solution was expanded to 50 ml with ethanol and added into the four Zn cation solutions at the designed Sm contents by volume. The mixed solutions were then all expanded to 100 ml with ethanol. After a constant stirring of 10 min and an aging of 5 h at room temperature, the solutions were deposited on ultrasonically cleaned glass substrate by dip-coating method. After each coating, the films were dried at 150°C for 2-5 min. By repeating such dip-coating and drying processes for six times, the films were finally obtained by calcining the dried films at 450°C for 1.5 h.
The phase and structure of the deposited films were identified at room temperature using an X-ray diffractometer (XRD, CuK a1 , k = 0.15406 nm, Model No: D/Max-2200PC, Rigaku, Japan). The morphology of the films were analyzed using a field emission scanning electron microscope (EF-SEM, Model No: JXM-6700F, Japan). The film thickness was determined by a film thickness measuring instrument (Model No: CHY-CB, Labthink, Jinan, China). The light transmittance and reflectance spectra of the films were conventionally recorded on UV-vis spectrophotometer (Model No: UV2600, SDPTOP, Shanghai, Chian). The photoluminescence spectra of the films were measured by a luminescent spectrophotometer (Model no: F-4600, Hitachi, Japan). The electrical resistance of the films was measured by a 4-point probe resistance system (Model No: RTS-9, Probes Tech, Guangzhou, China).
Results and discussion
Microstructural characterization of the films Figure 1 shows the XRD patterns of the films. The wurtzite ZnO is the only XRD detectable phase of the films (JCPDS card No: 36-1451). Obvious c-orientation decreased as increasing Sm content is observed for the films with the Sm contents of 0, 0.25, and 0.50 at.%. This c-orientation transforms to a weak a-orientation as the Sm content is over 0.75 at.%. The formation of the c-orientation could be associated to the rapid heating rate in the calcination process and the lattice parameter matching between the films and substrate [17] . Whereas the transformation to a-orientation could be related to the slowdown of the ZnO crystallization (the decrease of the crystallinity) and the variation of lattice parameter resulted from Sm-doping. Crystallites size (D) was obtained according to the Scherrer's equation
where k is the X-ray wavelength, b the full width at half maximum of the considered peak and h is the Bragg angle. Since wurtzite ZnO is a hexagonal crystal, the lattice parameters of the films can be calculated with XRD data analysis by following equation:
The calculated lattice parameters and average particle sizes of the films are listed in Table 1 . The average particle size overall decreases as increasing Sm content, which could be ascribed to the interference of the Sm cation to the ZnO crystal growth. This interference effect could be associated with the crystal lattice distortion due to the larger ionic radius of Sm 3? (1.04 Å ) compared with Zn 2? (0.74 Å ). The lattice expands as the increase of Sm content, which is also due to larger ion radius of Sm 3? cation than that of Zn 2? cation and the decrease of the crystallinity. Figure 2 shows the SEM micrographs of the films. The films are composed of small hexagonal and granular morphology particles and some larger hexagonal rodlike particles. The hexagonal granular particles in the films with Sm content of 0-0.50 at.% could also have rodlike morphology and is approximately perpendicular to the substrate and the rodlike morphology and its disappearance with Sm doping could correspond to the corientation and a-orientation, respectively. Average particle size decreases with increasing Sm content. This is consistent with the results calculated with the XRD data analysis. The grains appear larger than average particle size than the results estimated with the XRD data analysis, which could imply that the nanoparticles in the films are polycrystalline. The measured film thicknesses are in a range of *835-920 nm as listed in Table 1 .
Optical property of the films Table 2 . The average transmittances are in the range of *59.4-74.2 %. They first increase and then decrease with increasing Sm content and show the maximum as Sm content equals 0.75 at.% (Fig. 3a) . The increase of transmittance with respect to the pure ZnO film may be related to the well-known Moss-Burstein effect and the decrease of crystallinity. Moreover, the light adsorption edge first blue-shifts and then red-shifts with the increase of Sm content. Wurtzite ZnO has a direct band gap, so that the optical band gap (E g ) can be calculated with Tauc's relationship [18] :
where hm is photon energy, C is a constant, and a is absorption coefficient. The a can be calculated by equation [19] : 
where d is the film thickness. Figure 3c shows the graphs of (ahv) 2 versus photon energy hv. The linear dependences of (ahv) 2 on hv at higher photon energies indicate that the films are essentially direct-transition-type semiconductors. The straight-line portion of the curve, when extrapolated to zero, gives the optical band gap E g .
The estimated E g are in the range of *3.24-3.43 eV ( Table 2) . Maximal widening (0.19 eV) is achieved as Sm content equals 0.75 at.%. This widening is larger than the reported 0.018 eV and 0.04 eV resulted from Al doping of 2-3 at.% [20, 21] and near 0.21 eV due to Er dopings of 0.6 at.% [19] . The band gap widening with respect to the pure ZnO film may be the well-known Moss-Burstein shift [13] [14] [15] [16] 19] . In addition, the band gap is also associated with the particle size and lattice parameter. The decrease of the average particle size as the increase of Sm content can widen the band gap due to quantum refinement effect. Whereas the lattice expansion as the increase of Sm content can narrow the band gap due to decreased interaction between atoms. Optical constants, refractive index (n) and extinction coefficient (k), of the pure and doped ZnO films can be calculated on basis of relations [19, 22] ,
Their variations with incident photon hm are shown in Fig. 4 . The n and k values first decrease and then increase as increasing Sm content, which is consistent with the variations of the R and A. In addition, the n and k values are also related with the lattice parameter [22] . The dielectric constant (e) of the films are determined with the relation [19, 22] .
where e r is the real part and is the normal dielectric constant, e i is the imaginary part and represents the dielectric loss. The variations of the e r and e i with incident photon hm are shown in Fig. 5 and are also mainly dependent on the light absorption of the films. In addition, the e r and e i should also be associated with the lattice parameter and particle size. In general, larger lattice parameter (low crystallinity) results in smaller light absorption and so smaller e r and e i , while single-domain size leads to largest coercive field and so largest e r and e i , and smaller particle size leads to larger domain wall concentration and so larger e r and e i. Figure 6 illustrates the photoluminescence spectra of the ZnO: Sm films. The strong emission peaks centered at *386 and *494 nm are observed. The emission intensities overall first obviously increase as increasing Sm content to 0.5 at.% and then decrease as further increasing Sm content. In general, smaller particle size corresponds a Fig. 3 a Transmittance (T), b absorbance (A), c graphs of (ahv) 2 vs. photon energy hv larger specific surface area and thereby leading to larger emission intensity, however too small particle size leads to large light scattering that decreasing emission intensity. Thus, the variation of the emission intensity with Sm content could be ascribed to the variation of the average particle size with Sm content. The emissions centered at *386 nm (*3.21 eV) could be near band gap emission [23] or band edge emission [24] . The emissions centered at *494 nm (*2.51 eV) could be related to the energy interval from the Zn interstitial to the Zn vacancy level (*2.6 eV [25, 26] ).
Electrical property
The variation of electrical resistivity with Sm content is shown in Fig. 7 . The resistivity of the films first obviously decreases from *5.61 9 10 -2 X cm to *0.28 9 10 -2 X cm and increases to *0.88 9 10 -2 X cm with the increase of Sm content. The film with Sm-content of 0.75 at.% shows a minimal resistivity. The increase in electrical conductivity could originate from the increase of the large carrier concentration introduced by trivalent Sm 3? cation. This also might imply that the films are n-type conductive. The resistivity of the ZnO films is associated with preparation method Table 2 The average values of optical parameters in the range of 280-840 nm, band gap energy (E g ) of the ZnO: Sm films
e r e i 9 10 and processing parameter. A resistivity of 6.44 9 10 -2 to 4.44 9 10 -5 X cm is reported for RF magnetron sputtered ZnO: Co films [27] . Another RF magnetron sputtered ZnO: Ga film showed a resistivity of *5.3 9 10 -2 to 8.4 9 10 -4 X cm [28] . A ZnO film deposited by ultra-high frequency spraying process at 480°C doped with 1.9 % copper and annealed for 10 h at 700°C exhibits a resistivity as high as 5.6 9 10 12 X cm [29] . The deterioration of the optical transmittance and electrical conductivity of the films with excessively increasing Sm content could be ascribed to the electron-impurity interaction and the columbic interaction between the carriers [24] .
Conclusions
The effects of Sm doping on the microstructure and optical and electrical properties of the ZnO films were investigated. With increasing Sm content, the average particle size decreased, and the transmittance in the range of UVvisible light and band gap was first increased and then decreased. The Sm content of 0.75 at % led to maximal transmittance and widened band gap of from 3.24 eV of the pure film to 3.43 eV. Moreover, the resistivity of the films was in the range of 0.28-6.51 9 10 -2 X cm and also first decreased and then increased with increasing Sm content. The decrease of resistivity with the increase of carrier concentration resulted from Sm doping indicated that the films are n-type conductive. Furthermore, the films showed strong near band gap emission centered at 386 nm and blue-green emission centered at 494 nm. The refractive index, extinction coefficient, optical conductivity, and dielectric constant of the films were calculated with the transmittance and reflectance spectra. Improved optical and electrical properties by Sm doping may be of significance to the optical and electrical applications of the Sm-doped ZnO materials.
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